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ABSTRACT
The next generation of wireless networks will feature a more flex-
ible radio access design, integrating multiple new technological
solutions (e.g., massive Multiple-Input Multiple-Output (MIMO),
millimeter waves) to satisfy different verticals and use cases. The
performance evaluation of these networks will require more com-
plex models to represent the interactions of different components
of the networks accurately. For example, channel models, which
are of paramount importance to precisely characterize the behavior
of such systems, need to account for multi-antenna systems and
new frequency bands. This paper presents the ns-3 implementation
of a spatial channel model for the 0.5-100 GHz spectrum, following
the 3GPP Technical Report 38.901. The code, designed to be flexible
and easily extensible, is integrated in ns-3’s antenna, propagation
and spectrum models, and offers the support for the investigation
of future wireless systems in ns-3.
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1 INTRODUCTION
Wireless networks are rapidly evolving to meet the datarate, latency
and reliability demands of an increasingly connected society. The
5th generation (5G) of cellular networks is being deployed, follow-
ing the specifications of 3rd Generation Partnership Project (3GPP)
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New Radio (NR) [3]. Similarly, multiple generations of Wireless Lo-
cal Area Networks (WLANs) are being proposed to achieve higher
capacity, improved spatial reuse, or lower energy consumption
with IEEE 802.11ax/ay/ah/bd [17, 42]. These wireless networking
standards will be the first to exploit new technologies such as,
for example, massive Multiple-Input Multiple-Output (MIMO) and
millimeter wave (mmWave) communications [10].
Standardization bodies (i.e., the 3GPP and the IEEE) are aiming at
addressing the requirements of multiple verticals and use cases with
a single design of the Radio Access Network (RAN) [2]. For example,
3GPP NR can be configured to support enhanced mobile broadband
(to provide ultra-high capacity to the end users), ultra-reliable and
low latency communications (e.g., for remote control scenarios),
and massive machine-type deployments. Therefore, future wire-
less networks will exhibit an increasing degree of complexity and
flexibility. The different versions of IEEE WLANs and 3GPP NR
can (i) operate on a wide portion of spectrum, which includes the
traditional bands below 6 GHz and the mmWave frequencies; (ii) be
deployed on devices equipped with quasi-omnidirectional antennas,
or with phased antenna arrays to perform analog, hybrid or digital
beamforming; and (iii) support devices that communicate while
moving at different speeds, up to 500 km/h for NR.
A correct and reliable testing and performance evaluation of such
complex networks becomes of paramount importance to identify
the critical elements of the system before commercializing it, and
to understand which algorithms and network architectures can
provide the best quality of service to the end users. Simulation
will play a fundamental role in this, as testbeds for 5G and next-
generation WLANs are still in the making [30, 36]. Additionally,
simulations can adapt better than testbeds to the large number of
evolving use cases and deployment scenarios that such networks
will serve. ns-3 is well positioned to be an important simulation
tool for future wireless networks, thanks to the already available
modules for mmWaves and NR [25, 29], IEEE 802.11ad/ay [6, 8],
and to the activity to extend the wifi module to also support IEEE
802.11ax [21].
Nonetheless, ns-3 is currently lacking common channel model
Application Programming Interfaces (APIs) that can be used by all
the aforementioned modules, to provide results based on the same
channel abstraction, or to test the coexistence of different tech-
nologies in the same frequency spectrum. These modules, indeed,
currently use different channel modeling techniques, included in
the modules themselves [7, 34, 41], not directly comparable with
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each other, and not designed with a modular and extensible ap-
proach. ns-3, on the other hand, provides a number of propagation
models, and a flexible abstraction for the spectrum usage of single
and multi carrier systems [9], but is lacking a fading model that
can be integrated with multi-antenna wireless technologies.
The channel model, however, is one of the most important com-
ponents of a wireless network simulator, as the results can only be
as accurate as the channel model [14]. In particular, when it comes
to mmWaves, the harsh propagation conditions may severely im-
pact the performance of the higher layers of the protocol stack,
much more so than at traditional sub-6 GHz frequencies [31]. More-
over, mmWave systems generally exploit beamforming to increase
the link budget of the communication, and this element has to be
introduced in the overall modeling process of the channel. Addition-
ally, when considering MIMO systems, an exact characterization of
the rank of the wireless channel is necessary for a proper evaluation
of how many parallel streams can be supported [38].
In this paper, we present the implementation of a channel model
for future wireless networks that has been recently included in
ns-3. Notably, we implemented a Spatial Channel Model (SCM) for
the spectrum module, which characterizes the channel through a
matrix H, in which each single entry models the channel between
two antenna elements at the transmitter and the receiver [37]. The
channel realization is computed using the 3GPP stochastic model
for 5G networks between 0.5 and 100 GHz [4]. Additionally, we ex-
tended the propagationmodule to support the models in [4], with
a different characterization for Line of Sight (LOS) and Non Line of
Sight (NLOS) states (according to whether the direct path between
the transmitter and the receiver is blocked or not), and the antenna
module, which now features antenna arrays. The implementation
of the channel model equations is based on that in [41], but the code
has been refactored and redesigned to be as modular as possible,
with a clear separation of the propagation model, the fading, the an-
tenna, and the beamforming. Moreover, it can be easily extended to
support other fading models based on the computation of a channel
matrix. We believe that this model, which has been developed as
part of the Google Summer of Code project, represents a substantial
and timely contribution to the wireless research community that
uses ns-3 to study next-generation wireless networks.
The rest of the paper is organized as follows. In Section 2 we
review modern channel modeling efforts, with a focus on the 3GPP
channel model for 5G and on why SCMs are widely used in this
context. We describe the implementation of the 3GPP SCM from [4]
in Section 3, and present examples and comment on use cases in
Section 4. Finally, we conclude the paper in Section 5.
2 RECENT DEVELOPMENTS IN CHANNEL
MODELING
Channel modeling is a fundamental activity for the design and
evaluation of future wireless networks. The authors of [14] claim
that the new features of cellular and WLAN networks call for new
approaches in channel modeling. Large antenna arrays and the
deployment of MIMO techniques require the addition of the spa-
tial dimension in the channel, with a full 3D model, capable of
characterizing the diversity of the channel paths for each pair of
antenna elements between the transmitter and the receiver. More-
over, the channel in the new frequency bands of 3GPP NR and
IEEE 802.11ad/ay (i.e., mmWaves) needs proper understanding, es-
pecially with respect to multipath fading and blockage. Finally,
new deployments (e.g., vehicular networks) introduce additional
modeling requirements for network simulations.
These challenges have motivated several efforts in channel mod-
eling, especially when considering mmWave frequencies [16]. Mul-
tiple measurement campaigns in these frequency bands have strived
to accurately model the propagation and fading in different sce-
narios [18, 32, 35], highlighting how mmWaves are characterized
by high propagation loss, sensitivity to blockage, and a reduced
impact of small scale fading with sparsity in the angular domain.
These measurement campaigns have then led to different families
of channel models for future wireless networks, generally given
by the combination of propagation loss and fading models. The
different modeling approaches differ for their degree of abstraction,
simplicity and accuracy. Analytical studies for 5G generally use
simple propagation loss models, combined with Nakagami-m or
Rayleigh fading [5]. These models are computationally efficient, but
fail to capture the spatial dimension of the channel and cannot be
combined with realistic beamforming models. Quasi-deterministic
channels, developed, for example, for IEEE 802.11ad/ay [24], are
instead designed to be as accurate as possible in specific scenarios,
but are much more complex and require a precise characterization
of the environment [22].
2.1 3GPP TR 38.901
For the evaluation of NR, the 3GPP has adopted a 3D SCM [4], which
represents a tradeoff between the two aforementioned channel mod-
eling approaches: it is generic, thanks to its stochastic nature, but
at the same time can model interactions with beamforming vectors.
An SCM, indeed, models the channel through a channel matrix
H(t ,τ ), with as many rows and columns as the number of transmit
(U ) and receive (S) antenna elements. Each entry Hu,s (t ,τ ) corre-
sponds to the impulse response of the channel between the s-th
element of the Base Station (BS) antenna and the u-th element of
the User Terminal (UT) antenna at delay τ at time t . Hu,s (t ,τ ) is
generated by the superposition of N different clusters, representing
groups of multipath components that arrive and/or depart the an-
tenna arrays with certain angles. The multipath components impact
the receiving array with different delays, and the power will be
scaled according to a delay-based profile. If present, an LOS cluster
is modeled with the strongest power and the minimum delay. The
other clusters, instead, represent reflections from the scattering
environment.
The 3GPP channel modeling framework is described in TR 38.901
[4] and represents the extension of TR 38.900, which was targeted
for above-6 GHz bands only. It supports the modeling of wireless
channels between 0.5 and 100 GHz by means of a stochastic SCM,
in which a single instance of the channel matrixH(t ,τ ) is computed
according to random distributions for large scale fading parameters
(i.e., the delay profile, the angles of arrival and departure, and the
shadowing) and for the small scale fading (i.e., for small variations in
the channel, for example, as given by the Doppler spread). To enable
the simulation of signal propagation in different environments, it
specifies four scenarios, with different parameters for the random
distributions underlying the channel:
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Figure 1: Diagram Representing the Channel Generation Procedure; the Colors Indicate the Classes where the Steps are Ac-
complished
• RMa (Rural Macro), targeting rural deployments with con-
tinuous wide area coverage;
• UMa (Urban Macro), intended to model urban areas with
macrocells mounted above the rooftops of the surrounding
buildings;
• UMi (Urban Micro) Street Canyon, similar to UMa but with
base stations mounted below the rooftops;
• Indoor Hotspot (InH) Mixed and Open Office, to model in-
door environments.
For each scenario, this model provides the characterization of the
LOS/NLOS channel condition, the propagation loss, and the small
scale fading due to the effect of Doppler and multipath. Also, it
defines a radiation model to account for the non-isotropic behavior
of real antennas.
The channel matrix generation procedure, represented in Fig-
ure 1, accounts for both large (i.e., pathloss and shadowing) and
small scale (fast fading) propagation phenomena, and provides the
possibility to select different models and parameters depending on
the scenario of interest. The pathloss model describes the signal
attenuation between the transmitter and the receiver as a func-
tion of the 3D positions and the carrier frequency. The shadowing
model provides the statistical characterization of the attenuation
due to the presence of obstacles between the transmitter and the
receiver. The small scale fading accounts for the signal phase and
amplitude variations due to small changes in the spatial separation
between the transmitter and the receiver, and for the Doppler effect
introduced by a moving terminal. While the large scale propagation
effects are considered to be constant within the frequency band of
interest, the small scale fading has a frequency-selective behavior,
thus introducing a gain which varies within the band.
In the following, we describe the 3GPP SCM for 5G networks that
has been implemented in ns-3, providing details on the pathloss and
channel condition computations, the channel matrix generation
procedure, and the antenna model that can be associated to such
matrix.
3 NS-3 IMPLEMENTATION
In ns-3, the modeling of the signal propagation through the wire-
less channel is handled by the spectrum module, which includes
the abstract classes SpectrumPhy and SpectrumChannel. Devices
communicating through the same wireless channel have their own
SpectrumPhy instances, which are in charge of creating the Power
Spectral Density (PSD) of the transmitted signals. The different
SpectrumPhy instances are attached to the same SpectrumChan-
nel object which dispatches the transmissions among the devices.
At each transmission, SpectrumPhy calls the method Spectrum-
Channel::StartTx which notifies each receiver and computes the
corresponding PSDs of the received signals. To account for the
power attenuation and fading due to the propagation of the signal
through the environment, SpectrumChannel relies on two stan-
dard interfaces, i.e., PropagationLossModel and SpectrumPropa-
gationLossModel. The former models slow fading, in which the
loss is constant over the frequency band of the signal, while the
latter is used for fast fading models, which introduce frequency-
selective losses.
The 3GPP SCM can be divided into four main components,
namely, (i) channel condition models, used to determine the LOS/N-
LOS channel state, (ii) propagation loss models, including pathloss
and shadowing, (iii) the fast fading model, and (iv) the antenna
model. The objective of this project was to implement these com-
ponents using, whenever possible, the interfaces provided by the
spectrum and propagation modules [9], without compromising
the support of existing models and ensuring an easy integration in
the main code base. We decided to implement each component as a
separate class in order to achieve a flexible and re-usable architec-
ture, enabling the possibility to easily replace, modify or include
new parts. Figure 2 reports a simplified UML diagram for the classes
involved in the channel model implementation.
3.1 LOS Probability Models
The first step for the generation of the channel matrix is to deter-
mine the LOS/NLOS channel condition. 3GPP TR 38.901 provides
stochastic models to determine the channel state in all the sce-
narios of interest, taking into account the distance between the
communication endpoints and the characteristics of the propaga-
tion environment, e.g., the presence of buildings and obstacles.
Since ns-3 lacks a general way to account for the channel state,
we developed the class ChannelCondition, which stores the state
information related to a certain channel. Also, we proposed a new
interface, called ChannelConditionModel, which can be extended
to implement any specific channel condition model, either stochas-
tic or deterministic. The main method is GetChannelCondition,
ThreeGppPropagationLossModel
+ DoCalcRxPow ()
- GetLossLos ()
- GetLossNlos ()
- GetShadwing ()
ThreeGppSpectrumPropagationLossModel
+ DoCalcRxPowerSpectralDensity ()
- GetLongTerm ()
- CalcBeamformingGain ()
ThreeGppRmaChannelConditionModel
ThreeGppUmaChannelConditionModel
ThreeGppUmiStreetCanyonChannelConditionModel
ThreeGppIndoorMixedOfficeChannelConditionModel
ThreeGppIndoorOpenOfficeChannelConditionModel
ThreeGppRmaPropagationLossModel
ThreeGppUmaPropagationLossModel
ThreeGppUmiStreetCanyonPropagationLossModel
ThreeGppIndoorOfficePropagationLossModel
ThreeGppAntennaArrayModel
+ GetElementFieldPattern ()
+ GetElementLocation ()
+ Set/GetBeamformingGain ()
PropagationLossModel
+ CalcRxPower ()
SpectrumChannel
+ StartTx ()
SpectrumPropagationLossModel
+ CalcRxPowerSpectralDensity ()
ThreeGppChannelModel
+ GetChannel ()
ChannelConditionModel
+ GetChannelCondition ()
ThreeGppChannelConditionModel
- ComputePlos ()
- m_channelConditionMap
Figure 2: Simplified Unified Modeling Language (UML) Diagram of the SCM Implementation
which accepts as argument the positions of the two nodes and re-
turns a pointer to the corresponding ChannelCondition instance.
To include the channel condition models defined in the 3GPP
TR 38.901, we developed five different classes, i.e., ThreeGppRma-
ChannelConditionModel, ThreeGppUmaChannelConditionModel,
ThreeGppUmiStreetCanyonChannelConditionModel, ThreeGpp-
IndoorOpenOfficeChannelConditionModel and ThreeGppIndoor-
MixedOfficeChannelConditionModel, each handling a different
scenario. All the new classes derive from the same base, called
ThreeGppChannelConditionModel, which extends the Channel-
ConditionModel interface and provides caching functionalities for
the periodic update of the states. When the method GetChannel-
Condition is called for the first time, the channel state is computed
and its value is stored in a map, together with the generation time.
Then, at subsequent calls, the method checks if the state has to be
updated or not based on the time expired since its generation and,
if so, a new state is independently generated, without accounting
for any temporal correlation. The update interval can be tuned by
the user with the attribute UpdatePeriod, with the possibility of
never updating the channel condition if the attribute is set to 0.
3.2 Pathloss and Shadowing Models
The pathloss models defined in 3GPP TR 38.901 can be expressed
through the general form of Eq. (1), where d is the 3D distance
between the two endpoints, fC is the carrier frequency, A, B and C
are model parameters, and X is an optional loss term.
PL = A log10(d) + B +C log10(fC ) + X [dB] (1)
In particular, A represents the pathloss exponent and accounts for
the dependence on the distance between the receiver and the trans-
mitter, while C determines the relation between the pathloss and
the carrier frequency.A, B,C andX take different values depending
on the propagation conditions, such as the scenario, the LOS/NLOS
channel state and the break point distance dBP , as defined in [4].
Also, to account for the variations of the received signal power
due to blockage events, a log-normal shadowing component is
added to the mean pathloss. Adjacent fading values are correlated
with an exponential autocorrelation function, and their correlation
depends on the spatial separation between the two positions. As for
the pathloss, the standard deviation of the shadowing component,
as well as the autocorrelation function, depend on the specific
propagation conditions.
Moreover, 3GPP TR 38.901 specifies a model to account for the
outdoor-to-indoor penetration loss due to buildings or cars, which
however was not considered in this work and is planned for future
development.
To include the pathloss and shadowing model defined in 3GPP
TR 38.901, we developed the base class ThreeGppPropagation-
LossModel, which extends the PropagationLossModel interface
and implements the general logic used to handle the computa-
tion of the mean pathloss and the shadowing component. Then,
we extended this class by developing four subclasses, i.e., Three-
GppRmaPropagationLossModel, ThreeGppUmaPropagationLoss-
Model, ThreeGppUmaStreetCanyonPropagationLossModel and
ThreeGppIndoorOfficePropagationLossModel, which define the
models for the different channel scenarios. Since the propagation
loss depends on the LOS/NLOS channel state, the ThreeGppPropa-
gationLossModel class is paired with a channel condition model
through the ChannelConditionModel interface. The main method
is DoCalcRxPower, which returns the power received at the receiver
side based on the positions of the communicating nodes. It makes
use of the methods GetLossLos and GetLossNlos to compute the
mean pathloss in the LOS and NLOS states, respectively, and of the
method GetShadowing to apply the shadowing model. Two other
functions, namely GetShadowingStd and GetShadowingCorrela-
tionDistance, are used by GetShadowing to retrieve the standard
deviation of the shadowing component and the correlation distance,
a parameter which defines the autocorrelation function.
3.3 Fast Fading Model
The fast fading model included in 3GPP TR 38.901 accounts for
the changes in the phase and amplitude of the transmitted signal
due to the effect of multipath propagation, i.e., the presence of
multiple signal components that propagate over different paths.
It provides the possibility to set the model parameters depending
on the scenario of interest, thus enabling the modeling of multiple
propagation environments.
Eq. (2) represents the overall channel impulse responseHu,s (t ,τ ).
As mentioned in Section 2, it is obtained by the superposition of
M ×N rays, grouped in N clusters. Rays belonging to the same clus-
ter experience the same power Pn and propagation delay τn , present
similar angles of arrival (θAn,m ,ϕAn,m ) and departure (θDn,m ,ϕDn,m ),
and have uniformly distributed initial phases Φn,m . Each ray ac-
counts for the antenna field patterns F(θn,m ,ϕn,m ) and for the
power distribution among the vertical and horizontal polarizations
through the term Kn,m . The terms exp(jk¯T d¯) represent the array
responses of the transmitting and receiving antennas, where k¯ is
the wave vector and d¯ is the element location vector. In case of user
mobility, each ray is subject to a phase shift νn,m due to the Doppler
effect. In the LOS case, a Ricean factor is added to the direct path.
Hu,s (t ,τ ) =
N∑
n=1
√
Pn
M
M∑
m=1
F¯rx (θAn,m ,ϕAn,m )
×

e jΦ
θ ,θ
n,m
√
K−1n,me jΦ
θ ,ϕ
n,m√
K−1n,me jΦ
ϕ,θ
n,m e jΦ
ϕ,ϕ
n,m

× F¯tx (θDn,m ,ϕDn,m )
× e j k¯Trx,n,m d¯rx,u e j k¯Ttx,n,m d¯tx,s
× e j2πνn,m tδ (τ − τn )
(2)
Our implementation follows the same approach described in
[41], but introduces some changes to improve the modularity of the
code and includes the latest updates with respect to [1]. As in [41],
to reduce the model complexity, we assumed that all rays within a
cluster are subject to the same Doppler shift (νn ), corresponding to
that of the central ray. Thus, the channel impulse response can be
expressed as:
Hu,s (t ,τ ) =
N∑
n=1
Hu,s,ne
j2πνn tδ (τ − τn ), (3)
whereHu,s,n represents all the terms of the impulse response except
for the Doppler contribution.
We developed the class ThreeGppChannelModel, which com-
putes the coefficients Hu,s,n as described in Section 7.5 of [4] and
handles their periodic update. It is associated with an instance of
ChannelConditionModel, used to determine the LOS/NLOS chan-
nel state. The main method is GetChannel, which takes as input
the mobility models of the transmitter and receiver nodes and the
associated antenna objects, and returns an instance of ThreeGp-
pChannelMatrix. As represented in Table 1, the structure ThreeGp-
pChannelMatrix contains entries to store the channel coefficients
Hu,s,n , the propagation delays τn , the angles of arrival and depar-
ture, and a time stamp indicating the generation time. The first
Table 1: Main Entries of ThreeGppChannelMatrix
ThreeGppChannelMatrix
m_channel the channel coefficients Hu,s,n
m_delay the clusters delays τn
m_angle the clusters arrival and departure angles
m_generatedTime a time stamp indicating the generation time
m_nodeIds IDs of the transmitter and receiver nodes
time a channel is generated, the corresponding ThreeGppChannel-
Matrix is cached in a map together with identifiers for the trans-
mitting and receiving nodes. When the same channel is requested
again, the method GetChannel retrieves the ThreeGppChannelMa-
trix from the map and checks whether the channel coefficients
have to be updated or not, depending on the expired time and the
occurrence of LOS-NLOS transitions. If so, it recomputes the co-
efficients, otherwise it returns the old realization. Moreover, the
class ThreeGppChannelModel provides attributes to enable an easy
configuration of the model parameters, such as carrier frequency,
channel scenario and update period. In particular, the choice of the
update period should consider (i) the channel coherence time, i.e.,
the time duration over which the channel response does not vary,
which depends on several factors, such as frequency, user mobility
and propagation environment, and (ii) the time granularity of the
simulation, which should be fine enough to capture the channel
dynamics.
3.3.1 Blockage Model. 3GPP TR 38.901 also provides an optional
feature that can be used to model the blockage effect due to the
presence of obstacles, such as trees, cars or humans, at the level
of a single cluster. This differs from a complete blockage, which
would result in an LOS to NLOS transition. Therefore, when this
feature is enabled, an additional attenuation is added to certain
clusters, depending on their angle of arrival. There are two possi-
ble methods for the computation of the additional attenuation, i.e.,
stochastic (Model A) and geometric (Model B). In this work, we
used the implementation provided by Zhang et al. in [41], which
uses the stochastic method. In particular, we extended the class
ThreeGppChannelModel by including the method CalcAttenua-
tionOfBlockage, which computes the additional attenuation. Also,
we defined attributes to enable/disable the blockage feature and to
configure the model parameters.
3.4 Antenna Array Model
In 3GPP TR 38.901, BS and UT antennas are modeled as uniform
rectangular antenna arrays with multiple panels, each containing
Na,c × Na,r antenna elements with fixed spacing, where Na,c is
the number of elements in a column and Na,r is the number of
elements in a row of the antenna array. Orientation of the arrays
can be configured by adjusting bearing, tilt and slant angles.
The technical report [4] describes how to compute the azimuth
and zenith components of the field pattern F to be used for the gen-
eration of the channel matrix, i.e., Fθ and Fϕ , respectively, taking
into account orientation and polarization of the panels. We de-
veloped a new class, called ThreeGppAntennaArrayModel, which
implements this model under the following assumptions: (i) the
array is composed of a single panel; (ii) the slant angle is fixed and
equal to 0 degrees; and (iii) the antenna elements are vertically
polarized.
The main method is GetElementFieldPattern, which accepts
as argument the azimuth and zenith angles of arrival and returns
std::pair containing the element field components computed
following a four-step procedure. The first step is to express the
azimuth and zenith angles of arrival using the antenna local coordi-
nate system, i.e., with the origin corresponding to the bottom-left
corner of the array and x- and y-axes parallel to the horizontal
and vertical sides, using the procedure described in Section 7.1 of
[4]. The second step is to compute the radiation power pattern of
each element, which describes how the irradiated power varies in
space. The technical report specifies the radiation power pattern
as a function of the zenith and azimuth angles of arrival (θ ′,ϕ ′),
expressed in the local coordinate system:
A′dB (θ ′,ϕ ′) =GE − min
{
min
[
12
(
θ ′ − 90◦
θ3dB
)2
, SLAV
]
− min
[
12
(
ϕ ′
ϕ3dB
)2
,Amax
]
,Amax
}
,
(4)
whereθ3dB andϕ3dB represent the vertical and horizontal beamwidth
and are equal to 65◦, SLAV is the side-lobe level limit and is set to
30 dB, Amax represents the front-back ratio and is fixed to 30 dB,
while GE represents the directional gain of an antenna element
and is a model parameter. The third step is to derive the azimuth
and zenith components of the element field pattern. Since only
vertical polarization is considered, we have F ′ϕ′(θ ′,ϕ ′) = 0 and
F ′θ ′(θ ′,ϕ ′) =
√
A′(θ ′,ϕ ′). Finally, the fourth step is to convert the
field pattern components back to the global coordinate system to
obtain Fθ (θ ,ϕ) and Fϕ (θ ,ϕ).
The ThreeGppAntennaArrayModel class features also themethod
GetElementLocation, which accepts as argument the index of the
antenna element and returns the corresponding location vector d¯,
and provides the methods Set/GetBeamformingVector to store
and retrieve the beamforming vector w.
3.5 Computation of the PSD
The PSD of the received signal is computed as:
Srx (t , f ) = Stx (t , f )wTrxH(t , f )wtx , (5)
where Stx (t , f ) is the PSD of the transmitted signal, wrx and
wtx are the transmitting and receiving beamforming vectors, and
H(t , f ) is the channel matrix in the frequency domain. Applying
the Fourier transform to channel coefficients expressed as in Eq.
(3), Srx (t , f ) can be rewritten as:
Srx (t , f ) = Stx (t , f )
N∑
n=1
S∑
s=1
U∑
u=1
wrx,uHu,s,nwtx,se
j2πνn te j2πτn f
= Stx (t , f )
N∑
n=1
Lne
j2πνn te j2πτn f ,
(6)
where Ln represents the long-term component of cluster n, as de-
fined in [41].
In our implementation, the computation of Srx (t , f ) is handled
by the class ThreeGppSpectrumPropagationLossModel, which ex-
tends the SpectrumPropagationLossModel interface. This class
interacts with ThreeGppChannelModel to retrieve the channel co-
efficients and holds a map containing the ThreeGppAntennaArray
objects of all the devices. The main method is DoCalcRxPower-
SpectralDensity, which takes as input the mobility models of
transmitter and receiver nodes, and returns the PSD of the received
signal, computed using Eq. (6). In particular, it relies on the pri-
vate methods GetLongTerm, to calculate the long term components,
and CalcBeamformingGain, to account for the Doppler and the
propagation delay. To reduce the computational load, all the long
term components associated with a certain channel are cached and
recomputed only when the channel realization is updated. Also,
ThreeGppSpectrumPropagationLossModel provides the method
SetChannelModelAttribute, which can be used to configure the
model parameters, such as carrier frequency and channel scenario.
4 EXAMPLES AND USE CASES
In this section, we describe, by means of an example, how the
different classes presented above have to be configured to build the
entire 3GPP channel modeling framework. Also, we outline some
possible use cases.
4.1 Examples
The example three-gpp-channel-example.cc included in the
spectrum module demonstrates the usage of the proposed frame-
work. It involves two devices, a transmitter and a receiver, placed
at a certain distance from each other and communicating over a
wireless channel. At regular intervals, we simulate a transmission
between the two nodes and estimate the Signal to Noise Ratio (SNR)
perceived at the receiver node. The script provides the possibility to
configure the distance between the two nodes, the channel model
parameters, as well as the transmission power and the receiver
noise figure. Also, it produces an output trace containing the expe-
rienced propagation loss and the SNR estimate. As an example, in
Figure 3 we reported the average propagation loss (solid lines) over
the distance between the two devices operating at 2.1 GHz for dif-
ferent scenarios and channel conditions, obtained by averaging the
results of 100 independent runs of this script. The black dashed lines
represent the pathloss value computed from the models defined in
3GPP TR 38.901.
In the following, we review the procedure used to create and con-
figure the channel model classes, assuming that the UMa scenario
is selected:
(1) create an instance of the class ThreeGppUmaChannelCondi-
tionModel;
(2) create an instance of ThreeGppUmaPropagationLossModel,
configure the carrier frequency through the attribute "Fre-
quency", and set the channel condition model through the
attribute "ChannelConditionModel";
(3) create an instance of ThreeGppSpectrumPropagationLoss-
Model, set the UMa scenario, the carrier frequency and the
channel conditionmodel through themethod SetChannelMod-
elAttribute and using the attributes "Scenario", "Frequency"
and "ChannelConditionModel";
(4) for each device, create an instance of ThreeGppAntennaAr-
rayModel and inform the ThreeGppSpectrumPropagation-
LossModel class about the device-antenna associations by
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Figure 3: Average Propagation Loss vs Distance between the Nodes
calling the method ThreeGppSpectrumPropagationLoss-
Model::AddDevice.
Besides being implemented in the three-gpp-channel-examp-
le.cc script, these steps could be included in a helper class for
an ns-3 module that aims at using this channel model. For a proper
usage of this model, users may need to set the transmission time
granularity of the simulation based on the channel coherence time
of the scenario of interest and use an error model that accounts
for the non-Additive White Gaussian Noise (AGWN) behavior of
fast fading channels. For example, the error model in [20], which
has been developed according to TR 38.901, could be used in com-
bination with the proposed channel model for NR system-level
simulations, provided that the channel coherence time is larger
than the slot length of the NR frame structure.
4.2 Use Cases
The main target of the developed model is to enable system-level
simulations of 3GPP scenarios through a 3GPP-compliant channel
and antenna model. As such, it is a requirement for any 3GPP LTE
and NR-based system-level simulation that aims to properly model
and evaluate the performance of physical layer techniques using
appropriate channel modeling, both in the sub-6 GHz bands and in
mmWave bands.
Moreover, it enables the simulation and coexistence studies of dif-
ferent technologies that share the spectrum resources, such as 3GPP
and IEEE Radio Access Technologies (RATs) in unlicensed/dedicated
spectrum bands. For example, it can be used to evaluate the 3GPP
and IEEE RATs coexistence of:
• IEEE 802.11b/g/a/n/ac/ax (Wi-Fi) and 3GPP LTE-LAA (Licen-
sed-Assisted Access) in unlicensed sub-6 GHz bands [12];
• IEEE 802.11b/g/a/n/ac/ax (Wi-Fi) and 3GPP NR-U in unli-
censed sub-6 GHz bands [13, 23];
• IEEE 802.11ad/ay (WiGig, directional multi-Gigabit Wi-Fi)
and 3GPP NR-U in unlicensed 60 GHz bands [19, 26];
• IEEE 802.11p/bd, 3GPP C-V2X (Cellular V2X) and 3GPP
NR V2X (Vehicle-to-Everything) in dedicated sub-6 GHz
bands [15];
• IEEE 802.11bd and 3GPP NR V2X in dedicated mmWave
bands [27];
• Wi-Fi, IEEE 802.11p/bd, 3GPP C-V2X and 3GPP NR V2X in
unlicensed sub-6 GHz bands [15];
• WiGig, IEEE 802.11bd and 3GPP NR V2X in unlicensed 60
GHz bands [27].
Also, the proposed model provides a common framework for sim-
ulations of spectrum sharing solutions through either spectrum
refarming or dynamic spectrum sharing, for example, if differ-
ent 3GPP RATs of the same operator share the licensed spectrum for
some long period of time until one of the RATs becomes obsolete
(spectrum refarming). This happens in low frequency bands (e.g.,
900, 1800 MHz) that are essential for 3GPP NR to achieve coverage,
but in which 3GPP LTE is already deployed and operational, and
cannot thus be migrated to other frequency bands. As such, a key
example of spectrum refarming is that of 3GPP LTE and 3GPP NR
in licensed sub-6 GHz bands. Another example of spectrum shar-
ing is when different operators share the spectrum by means of
coordination policies. In this regard, the research community has
also recently proposed solutions based on spectrum sharing [33]
and spectrum pooling [11] for mmWave bands, which exploit co-
ordination among different cellular network operators to improve
the spatial reuse, and which could be tested from an end-to-end
perspective on top of the proposed framework.
In addition, the developed model is also useful to evaluate the
3GPP and IEEE interworking through a common channel model-
ing. 3GPP and IEEE interworking considers core network and radio
access network integration by means of aggregating 3GPP-based
RATs in licensed bands and Wi-Fi in unlicensed bands. Examples
for which the developed model could be used include:
• Wi-Fi and 3GPP LTE interworking, e.g., through LTE-WLAN
Aggregation (LWA) and LTE-WLAN Radio Level Integration
with IPsec Tunnel (LWIP) [28],
• IEEE 802.11ax and 3GPP NR interworking [40].
5 CONCLUSIONS AND FUTUREWORK
In this paper, we introduced a new channel model for ns-3, devel-
oped following the specifications in [4]. This work is expected to
enrich ns-3 by enabling a more accurate modeling of the dynamics
of wireless channels between 0.5 and 100 GHz, thus enhancing the
support for the simulation of wireless systems. In Section 1, we
introduced the importance of channel models and simulation tools
for the design of next-generation wireless systems. In Section 2, we
explained the motivations that drive the design of more accurate
channel models and described the SCMs approach. In Section 3, we
overviewed the 3GPP SCM and explained how it has been imple-
mented in ns-3. Finally, in Section 4, we provided an example of
usage and outlined some possible use cases.
We plan to further improve this work by (i) refining the an-
tenna model to enable the modeling of multiple panels with dual
polarization; (ii) implementing the outdoor-to-indoor penetration
loss model described in [4], Section 7.4.3; (iii) implementing the
additional modeling components, such as the spatial consistency
procedure and the modeling of the oxygen absorption, specified in
[4], Section 7.6; (iv) performing a calibration campaign to validate
the model following the assumptions reported in [4], Section 7.8;
and (v) lowering the computation time needed to generate a chan-
nel realization [39] through the optimization of matrix operations.
Moreover, thanks to the modular design, this work can be easily
extended to support other SCM-based channel models, hence pro-
viding a common framework for the simulation of wireless systems.
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